I
nflammatory bowel disease (IBD), including Crohn's disease and ulcerative colitis, is a group of immune-mediated disorders of the intestine characterized by dysregulated mucosal T cell activity, aberrant cytokine production, cellular inflammation, and resultant intestinal tissue damage. Although the phenotype and pathogenic pathways leading to IBD are heterogeneous, they share in common a disordered CD4 ϩ T cell response to commensal enteric bacteria, due in part to host genetic susceptibility traits (1) .
Much attention has focused on regulatory CD4 ϩ T cell subsets that protect against IBD and other autoimmune diseases. Regulatory CD4
ϩ T lymphocytes are a heterogeneous population analytically distinguishable by expression of CD25 and FoxP3, among other markers, and may differ in activation requirements and targets of functional activity (2) (3) (4) . Recently, additional mucosal T cell subsets with regulatory function have been reported. Intraepithelial T cells (5) and certain subsets of CD8 ϩ T cell [intraintestinal T cell receptor (TCR)␣␤ ϩ CD4 Ϫ CD8␣ ϩ T cells and CD4 ϩ CD8␣␣ ϩ
T cells] (6, 7) suppress CD4 ϩ CD45RB hi T cell colitis. Intraepithelial lymphocytes (IEL) and small intestinal CD4 ϩ CD8␣␣ ϩ IEL were associated with resistance to acute colitis induced by Toxoplasma gondii or dextran sodium sulfate, respectively (8, 9) . In most of these studies, genetic manipulations implicated intrinsic IL-10 expression for the protective action of both CD8 ϩ T cell subsets and invariant class I MHC recognition for the pertinent CD4 ϩ CD8␣␣ ϩ cells. Accumulating evidence also implicates B cells in immunoregulation. The work of Mizoguchi et al. (10, 11) has revealed a protective role of B cells in TCR␣ Ϫ/Ϫ colitis and implicated intrinsic B cell expression of CD1d and IL-10 in their immunoregulatory function. A recent study further suggested IL-10-independent protective function of B cells in an intestinal inflammation caused by nonlymphocytes, implicating the regulatory role of B cells in innate immunity (12) . In mouse models of oral tolerance, B cells are important for maintenance of a protective cytokine microenvironment in gut-associated lymphoid tissue (13) . Similarly, B cells were also required for efficient induction of antigen-specific T cell unresponsiveness in the ocular anterior chamber (14, 15) and in the lung in the context of respiratory allergen (16) . B cells also attenuate immune responses in certain autoimmune models. In experimental autoimmune encephalomyelitis, depletion of B cells promoted severe nonremitting disease (17, 18) . In collagen-induced chronic arthritis, B cells from arthritogenic splenocytes treated in vitro with anti-CD40 inhibit arthritis in an IL-10-dependent manner (19) . B cell immunoregulation typically required their intrinsic expression of IL-10 (11, 17, 19, 20) and, in some cases, the expression of certain invariant class I MHC molecules (11, 14, 15, 21) . These observations introduce important questions about the developmental origin of protective B cell subsets and the cellular interactions through which they contribute to immunoregulation by regulatory T cell populations.
Recently, we and others have reported the selective capacity of marginal zone (MZ) B cells to produce IL- 10 (22, 23) . This B cell subset is selectively deficient in mice bearing restricted enteric microflora and in G␣i2 Ϫ/Ϫ mice, a colitis-prone strain characterized by decreased IL-10 production and polarized T helper (Th) 1 reactivity (24, 25) . G␣i2 protein is one subunit of the trimeric G protein family of signaling molecules involved in the regulation of cellular physiological function. The developmental deficiency of IL-10-producing B cells in restricted flora mice and G␣i2 Ϫ/Ϫ mice raises the possibility that these subsets of B cells may have immune regulatory function in mucosal homeostasis and IBD resistance.
In the present study, we report that mesenteric lymph node (MLN) B cells protect mice from CD4 ϩ T cell colitis through interactions with regulatory T cell populations. This protective role is displayed by selected B cell subsets, whose formation requires the G␣i2 gene. Protection requires the combined transfer of B cells and CD8 ϩ T cells and is associated with the expansion of a CD4 ϩ CD8␣
ϩ T cell population in the intraepithelial intestinal compartment. However, transferred B cells strictly home to secondary lymphoid sites, and protection is associated with expansion of CD3 ϩ NK1.1 ϩ T lymphocytes (NKT cells) in this compartment. Accordingly, these findings indicate that B cells contribute to intestinal immunoregulation through recruitment of novel regulatory T cell subsets. Furthermore, they suggest a sequential process involving B cells and NKT cells in the secondary lymphoid compartment, leading to activation and end-organ expansion of a regulatory CD4 ϩ CD8␣
ϩ T cell population.
Methods
Mice. G␣i2 Ϫ/Ϫ (129Sv background) mice were from a breeding colony originally generated at Baylor College of Medicine (Houston) (25) and housed in the University of California, Los Angeles (UCLA) animal facility. RAG2 Ϫ/Ϫ mice (129Sv background) and C.B-17scid mice were obtained from the UCLA Department of Radiation Oncology or purchased from Taconic Farms (Germantown, NY). BALB͞c, C57BL͞6, and 129Sv mice were obtained from The Jackson Laboratory. All of the mice were housed under specific pathogen-free conditions in the animal facilities at UCLA. The mice used in all experiments were 5-12 weeks old and were handled according to the guidelines and approved protocols of the UCLA Animal Research Committee.
Reagents. FITC-, phycoerythrin (PE)-, peridinin chlorophyll protein-, allophycocyanin-or biotin-conjugated mAbs specific for mouse B220 (RA3-6B2), CD19, IgM, CD3, CD4, CD8␣, CD1d, CD21, CD23, or NK1.1 were purchased from BD Pharmingen. FITC-or biotin-conjugated anti-mouse IgD Abs were the products of eBioscience (San Diego). A CD4 ϩ T cell isolation kit and anti-CD43, CD19, CD8␣, anti-PE, or anti-biotin MicroBeads and MACS Separation LS Columns were from Miltenyi Biotec (Auburn, CA). 
Isolation of Colitigenic T Cells. G␣i2
Ϫ/Ϫ CD3 ϩ T cells were isolated from the spleens of G␣i2 Ϫ/Ϫ mice by staining single splenic lymphocytes with biotinylated anti-CD3 Ab followed by anti-biotin MicroBeads and positive selection on a MACS column (Miltenyi Biotec). G␣i2 Ϫ/Ϫ CD4 ϩ T cells were isolated by using anti-CD4 MicroBeads or a CD4 ϩ T cell isolation kit and were Ͼ90% pure by flow cytometry. CD4 ϩ CD45RB
hi BALB͞c T cells were isolated by staining splenic cells with anti-CD45RB-FITC and anti-CD4-PE Ab and sorted by using a FACSVantage instrument. G␣i2
hi ) were injected into the peritoneal cavity of recipients (RAG2 Ϫ/Ϫ or C.B-17scid mice, respectively). In cases where CD8 T cells or B cells were also transferred, they were administered i.v. in 0.1 ml of sterile saline on the same day. The recipients were observed daily and weighed twice a week for clinical signs of disease. When the mice became moribund or show significant clinical signs of disease, the mice were killed for tissue harvest. The histological scoring for colitis utilizes an established scale using inflammatory and epithelial parameters, as previously reported (27) . The histological scores were analyzed by the Student t test or one-way ANOVA (Tukey's multiple comparison test).
Results
G␣i2 ؊/؊ T Cell Transfer Model for CD4 ؉ T Cell Colitis. Native G␣i2 Ϫ/Ϫ mice on a 129 or a mixed B6͞129 background spontaneously develop colitis at the age of 6-8 weeks, a process that depends on Th1 CD4 ϩ T cell response and enteric microflora (22, 24, (28) (29) (30) . The model involves functional disorders in epithelial cells (31) , professional antigen-presenting cells (32), B cells (22, 33) , and CD4 ϩ T cells (24, 29, 30, 32) , suggesting multiple requirements for G␣i2 in the formation of normal mucosal immunoregulation. To better define these roles, we have established a transfer model permitting separate evaluation of different G␣i2 Ϫ/Ϫ cell types in the development of colitis. Isolated total CD3 ϩ or CD4 ϩ T cells from spleens or MLN of G␣i2 Ϫ/Ϫ mice were transferred i.v. or i.p. into RAG2 Ϫ/Ϫ mice. Mice receiving 10 6 total CD3 or CD4 splenic G␣i2 Ϫ/Ϫ T cells through i.v. injection developed acute colonic inflammation, manifested by bloody diarrhea within the first week, proceeding to death in 2-3 weeks. In comparison, mice receiving 0.5-1 ϫ 10 6 G␣i2 Ϫ/Ϫ T cells through i.p. injection developed chronic colitis beginning at 2-3 weeks, manifested by initial constipation followed by mild diarrhea, progressive weight loss, and colonic fibrosis. Lethality was observed in a minority of mice in 1-2 months.
To further characterize this chronic colitis, histological examination demonstrated severe mucosal inflammation of the large intestine (Fig. 1A) , with mild inflammation also observed in the small intestine (Fig. 1B) . By flow cytometry, CD4 ϩ T cells were the predominant T cell population in spleen and MLN, with a relative increase compared with other T cell subpopulations in the inoculated lymphocyte population. In the large intestinal IEL and LPL compartments, resident lymphocytes are mainly CD4 ϩ T cells, correlating with the severe mucosal damage in the large intestine. In the small intestine, where mucosal inflammatory damage was minimal or absent, CD8 ϩ T cells are the dominant cell population in both IEL and LPL compartments (Fig. 1D) . In contrast, wildtype T cells from 129Sv mice failed to induce colitis, demonstrating that the immunologic disorder required T cells formed in the Gai2 Ϫ/Ϫ genotype (data not shown).
Selective Protection by MLN B Cells in G␣i2 ؊/؊ T Cell Colitis. MLN B cells are protective against colitis in the TCR␣ Ϫ/Ϫ mouse (10, 11), and we wondered whether an immunoregulatory role of B cells may be pertinent in G␣i2 Ϫ/Ϫ colitis. To test this idea, total CD3 ϩ G␣i2 Ϫ/Ϫ T cells were cotransferred with enriched splenic MZ B cells or MLN B cells in syngeneic RAG2 Ϫ/Ϫ mice. Two to 3 weeks after G␣i2 Ϫ/Ϫ T cell transfer, recipients of G␣i2 Ϫ/Ϫ T cells alone showed signs of clinical disease, including weight loss and diarrhea ( Fig. 2A) . Histological examination demonstrated severe mucosal inflammation, especially in the large intestine (Fig. 2B) . Cotransfer of MZ B cells delayed onset of weight loss and moderately reduced histologic inflammation. However, cotransfer of MLN B cells showed no evidence of clinical disease and no histological intestinal inflammation. As a negative control, transfer of B cell populations alone did not result in colitis or intestinal inflammation. These findings indicate a hierarchy of protective activity of MLN B cells in G␣i2 colitis. The scores of colitis severity indicated that the mucosal inflammation was slightly attenuated in the mice that received MZ B cells and G␣i2 Ϫ/Ϫ T cells (Fig. 2B) . MZ B cells delayed colitis onset but failed to provide sustained protection. In contrast, the CD19 ϩ IgM hi B cells from MLN protected mice from G␣i2 Ϫ/Ϫ T cell-induced colitis.
To understand whether the protective effect of MLN B cells on 
Expansion of T Cell Subsets Correlates with MLN B Colitis Protection.
We then assessed whether changes in T cell subsets were associated with colitis protection. The percentages of CD8␣ ϩ and CD4 ϩ T cells were increased and reduced, respectively, in spleens and MLN of protected mice (MLN B cell cotransfer), as compared with unprotected mice (T cells alone or T cells plus MZ B cells) (Fig. 3A) . The absolute numbers of splenic and MLN T cells was reduced Ϸ2-fold with protection. Accordingly, the major change appeared to be a 4-fold expansion of CD4 ϩ T cells in mice with active disease. Notably, there was an expansion of NKT cells (CD3 ϩ NK1.1 ϩ ) in the spleens͞MLN of MLN B cell-protected healthy mice (Fig. 3B) . No changes in percentage or absolute numbers of CD4 ϩ CD25 ϩ T cells (that might include a regulatory CD4 ϩ T lymphocyte population) were observed in central (spleens or MLN) or intestinal (LPL or IEL) compartments (data not shown). These findings indicated that central expansion of NKT cells might be involved in colitis resistance.
In the intestine, MLN B cell cotransfer and colitis protection was associated with a large increase in CD4 ϩ CD8␣ ϩ double positive (DP) T cells in the small and large intestinal IEL compartments (Fig. 3C ). In addition, CD3 ϩ CD4 Ϫ CD8 Ϫ double negative (DN) T cells were elevated in the large intestine LPL compartment (Fig.  3D) . The DN T cells did not express NK1.1 (data not shown). The localization of these two expanded populations to the at-risk intestinal site (large intestine) and the selective correlation with MLN B cell transfer suggested that they might contribute locally to colitis protection.
CD8 ؉ T Cells Are Required for MLN B Cell-Mediated Colitis Protection.
Protection was associated with a relative and absolute expansion of CD8␣ ϩ T cells in central lymphoid and LPL compartments; therefore, we tested whether CD8␣ ϩ T cells might be required for this immunoregulatory phenotype. To test this idea, we first asked whether depletion of CD8␣ ϩ T cells from the CD3 ϩ G␣i2 Ϫ/Ϫ T cell preparation abrogated the protective activity of cotransferred MLN B cells. Indeed, whereas colitis with total G␣i2 Ϫ/Ϫ T cells was reversed by MLN B cells, colitis with CD4 ϩ G␣i2 Ϫ/Ϫ T cells was resistant to MLN B cell protection (Fig. 4A) . The resistance to MLN B cell protection was also reflected in the correlates of T cell expansion. Thus, neither central NKT cells nor intestinal CD4 ϩ CD8␣ ϩ DP T cells expanded in mice cotransferred with CD4 ϩ T cells and MLN B cells (Fig. 4 B and C) . It should be noted that detectable populations of NKT and CD4 ϩ CD8␣ ϩ DP T cells were observed in these mice. This finding probably reflects transfer and expansion of residual CD8␣ ϩ T cells in the donor populations and perhaps also the induction of CD8␣ expression in activated T cells (34) .
Intestinal disease produced by transfer of CD4 ϩ CD45RB hi T cells is a widely used model for Th1-like immune colitis (1, 35) . Therefore, we wondered whether this model also would be subject to protection by MLN B cells and CD8␣ ϩ T cells. As shown in Fig.  4D, CD4 ϩ CD45RB hi T cells induced colitis (significant compared with control mice receiving B cells alone) by 6-8 weeks, although it was moderate in severity compared with that produced by G␣i2 Ϫ/Ϫ T cells. This moderate disease level, representative of four experiments, was also reported by another group at UCLA (27) and may be attributable in part to the ambient commensals at the UCLA animal facility. The recipients were then tested for the effect of cotransfer with MLN B cells and͞or CD8␣ ϩ T cells (Fig. 4D) . Indeed, mice receiving both of these cell types were significantly reduced in their histologic score for colitis, declining to a level insignificantly different from B cells alone. MLN B cells did not protect without CD8␣ ϩ T cells (Fig. 4D) , and CD8␣ ϩ T cells were also ineffective without B cells (data not shown). In protected mice, flow cytometric analysis demonstrated an expansion of NK1.1 ϩ T cells (Fig. 4E) and IEL DP and DN T cells (Fig. 4F) . These expansions were consistent in protected versus unprotected mice. The relative amount of these changes in spleen and MLN or large and small intestine in different individuals correlates with colitis protection induced by MLN B cells.
Deficiency of Protective MLN B Cells in G␣i2
؊/؊ Mice. Certain B cell subsets, including those efficient for IL-10 production, are deficient in the colitis-prone G␣i2 Ϫ/Ϫ mouse (22); therefore, we wondered whether the B cell developmental impairment might also involve the protective MLN B cell population. We first compared the surface marker phenotype of MLN B cells in wild-type and G␣i2 Ϫ/Ϫ mice. The phenotypes of B cell populations were indistinguishable between wild-type and mutant mice by several markers in unmanipulated MLN preparations. However, after our usual positive selection procedure for MLN B cells with anti-CD19 and anti-IgM, 20% of cells acquired a CD19 hi phenotype in wild-type cells (Fig.  5A) . In contrast, this subset of CD19 hi did not form in G␣i2
Ϫ/Ϫ cells. We then cotransferred standard numbers of wild-type and G␣i2 Ϫ/Ϫ MLN B cells and evaluated their protective activity in G␣i2
Ϫ/Ϫ T cell colitis. As shown in Fig. 5B , wild-type MLN B cells were protective, but G␣i2 Ϫ/Ϫ MLN B cells failed to suppress colitis, implying that the protective subset might be included in the CD19 hi MLN B cell subset. These findings indicate that G␣i2 protein is important to the development and function of regulatory B cells.
Discussion
Mechanisms of host resistance to mucosal inflammation are an important clue to pathogenesis and are potential targets for disease treatment and prevention. Investigation of protection and resistance in immune colitis has focused particularly on immunoregulatory CD4 ϩ T cells. The present study provides new evidence for the regulatory participation of other T cell subsets, notably CD8␣ ϩ and NKT cells, in the regulation of Th1-mediated colitis. Moreover, it uncovers an unexpected, concerted role of MLN B cells in this protection and evidence that the formation of these cooperating B cells depends on G␣i2 sufficiency.
This study exploits the colitigenic activity of CD4 ϩ G␣i2 Ϫ/Ϫ T cells after adoptive transfer into immunodeficient recipients. In this model, a small T cell inoculum produces rapid onset (2-3 weeks) and highly penetrant colitis, manifested by weight loss, gross and microscopic inflammation, and abundant CD4 ϩ T cell mucosal infiltrate. These findings are consistent with the Th1 CD4 ϩ T cell colitis in native G␣i2 Ϫ/Ϫ mice (24, 25, 28) . Unlike native disease, adoptive transfer included prominent early colonic fibrosis and subclinical ileitis (but not proximal small intestinal inflammation). Ileitis, a feature of human Crohn's disease, is observed in few of the many IBD animal models (e.g., HLA-B27 rats, SAMP1͞Yit mice, and a genetic form of Th2 enteritis) (36) (37) (38) . The reason for this additional localization is uncertain, but it may reflect impairments of host defense that normally prevent extension of cecal bacteria into the ileal region or a deficit of regional immune regulation that inhibits colitigenic T cell activity in the small intestine.
In the present study, cotransfer of MLN B cells protected mice from the formation of colitis in two adoptive transfer models (G␣i2 Ϫ/Ϫ T cells and CD4 ϩ CD45RB hi T cells), analogous to the finding of such protection in TCR␣␤ Ϫ/Ϫ mice (10, 11) . The latter studies reported that B cells with protective activity were anatomically localized to the MLN (but not to the spleen). In the present study, we also observed selective activity in the MLN B cell population. In our study, purified MZ B cells [a splenic subpopulation sharing with MLN B cells the CD21 ϩ IgM hi CD1d hi phenotype (39)] had reduced but detectable activity. The pertinent B cell protective traits associated with MLN compartmentalization might be attributed to the acquisition of enteric antigens, enabling presentation and regulatory cell-cell interactions with target T cell populations. Alternatively, differentiation or activation of B cells in this compartment might include up-expression of cell-interaction molecules important for protective activity, such as CD1d and IL-10 (11). The present study demonstrates that formation of protective B cells requires G␣i2 genetic sufficiency, which is also required for the formation of B cell subsets important for bacterial immune surveillance (22) . Phenotypically, these subsets include splenic MZ B cells and a MLN B cell subset with elevated CD19 and membrane IgM expression. These findings provide clues to the phenotype of protective B cells and suggest that their impaired formation in G␣i2 Ϫ/Ϫ mice might be a contributing factor in colitis susceptibility.
An important issue is the identity of the cell types targeted by protective B cells. A surprising observation was the requirement for CD8␣ ϩ T cell cotransfer, suggesting that a CD8␣ ϩ T cell subset either is a partner with or a target of protective B cells in the immunoregulatory circuitry. This finding is concordant with the reported role of CD8␣ ϩ T cells in mucosal immunoregulation (5) (6) (7) 9) . One candidate regulatory subset is the CD8 ϩ T cell population recognizing the invariant MHC class I molecule Qa-1 (HLA-E in human), which is expressed at high levels on certain B cell subpopulations. Qa-1 recognition may include mCD94͞ NKG2A (40) and induces negative regulatory activity in experimental autoimmune encephalomyelitis, oral tolerance, and B cell-dependent ocular tolerance (14, 21, 41) . Another candidate is intestinal CD4 ϩ CD8␣ ϩ DP T cells, because they were expanded during B cell-mediated protection. Mucosal DP T cells represent a memory CD4 ϩ T cell population enriched for agonist-selected, self-reactive clones (34, 42, 43) . A regulatory role for DP T cells is suggested by recruitment of T cells with intraepithelial invariant MHC class I molecule (MICA) (9) and expansion of CD4 ϩ T cells undergoing NF-B-and GATA3-dependent Th2 polarization (7) . Another invariant MHC class I molecule, MR1, selects for a distinct lamina propria and mucosal lymphoid TCR␣␤ ϩ T cell population. Although their regulatory role is not yet defined, it is notable that their formation depends on commensal bacteria and B cell interaction (44) .
NKT cells in some settings suppress immune inflammation, including intraocular inflammation (15) and certain models of colitis (11, 45) . The mechanism for this protection is uncertain. NKT cells are known to promote Th2 differentiation and, accord- ingly, exacerbate Th2-dependent mucosal inflammation in the lung and gut (46, 47) . However, their protective role is unlikely to involve IL4 itself, because administration of this cytokine exacerbates common models of Th1 colitis (48) , and CD1d-restricted immune function protects against a Th2-like colitis (11) . NKT cells efficiently activate certain B cell populations (49) , raising the possibility that they might efficiently activate B cell subsets contributing to colitis protection. The present study adds new evidence for this scenario by the demonstration of B cell-dependent expansion of NKT cells centrally and DN T cells intraepithelially during colitis
protection. Yet to be resolved is the clonal relationship of the NKT and DN T cell populations and their functional interaction with CD8-and B cell-dependent colitis protection.
In many mouse models of mucosal inflammation, regulatory CD4 ϩ CD45RB lo T cells, in part through TGF␤ and IL10 production, suppress formation of colitigenic T cells (1) . A CD25 ϩ subset of these cells appears to suppress activity of colitigenic cells already deployed in the lamina propria (3, 35, 50) . As noted above, other T cell subsets [intraepithelial CD8 ϩ (5, 6), CD4 ϩ CD8 ϩ (7, 9), or NKT (11, 45) cells] also confer colitis resistance in some settings. At this juncture, it is not yet clear how B cell-dependent expansion of these central or mucosal T cell populations may reduce colitigenic CD4 ϩ T cell activity. Protection may involve cognate mechanisms or nonspecific competitive processes such as homeostatic proliferation (51) . An experimental starting point will be repletion of these activated T cell populations to test the specificity and numerical requirement for negative regulation. It is also possible that the B cells themselves may reduce inflammation by restoring mucosal IgA production, because secretory IgA reduces the scale and diversity of enteric microorganisms that can drive colitigenic T cell activity. Notably, formation of the Peyer's patch compartment (a major site of IgA B cell formation) is impaired in Gai2 Ϫ/Ϫ mice (33).
In conclusion, the present study confirms and expands the definition of a B cell contribution to mucosal immunoregulation. Further definition of this B cell role may be important in illuminating the manner in which different T cell populations are recruited and integrated to preserve mucosal homeostasis. 
